A prevailing view in memory research is that CA3 principally supports spatial processes. However, few studies have investigated the contribution of CA3 to nonspatial memory function. Interestingly, the proximal part of CA3 (close to the dentate gyrus) predominantly projects to distal CA1 (away from the dentate gyrus), which preferentially processes nonspatial information. Moreover, the cytoarchitecture and connectivity patterns in the proximal and distal parts of CA3 strongly differ, suggesting a functional segregation in this area. Here, we tested whether CA3 is recruited during nonspatial recognition memory, and whether nonspatial information is differentially represented along the proximodistal axis of CA3. Furthermore, we investigated whether the pattern of activation within CA3 would mirror that of CA1. We used a high-resolution imaging technique specifically designed to analyze brain activity in distant areas that is based on the detection of the expression of the immediate-early gene Arc, used as a marker of neuronal activation. We showed that proximal CA3 is strongly recruited during a nonspatial delayed nonmatching-to-sample recognition memory task in rats, while distal CA3 is not. In addition, distal CA1 was more activated than proximal CA1 in the same task. These findings suggest a functional segregation of CA3 that mirrors that of CA1, and potentially indicate the existence of a proximal CA3-distal CA1 hippocampal subnetwork that would preferentially process nonspatial information during recognition memory.
Introduction
Many studies have reported the critical role of CA3 in the rapid learning of new spatial and contextual information (for reviews, see Rolls, 2007; Kesner, 2007) . In contrast, little is known about its contribution to nonspatial memory. However, CA3 contributes to trace eye-blinking conditioning (Kishimoto et al., 2006; Thompson et al., 1996) , and lesions of CA3 impair the memory for pairs of items (Farovik et al., 2010) . Interestingly, lesions at different locations of CA3 do not affect memory performance to the same extent. For example, lesions of CA3 close to the dentate gyrus (DG) impair performance on a task combining spatial and object information to a larger extent than lesions close to CA2 (Hunsaker et al., 2008) . Altogether, these studies suggest that CA3 could also play a fundamental role in nonspatial memory, possibly via a segregation of spatial and nonspatial information along its proximodistal axis. This hypothesis is further supported by a vast number of anatomical studies (for review, see . For example, a genome-scale study detecting Ͼ20,000 genes in CA3 reported distinct expression domains that could underlie a functional segregation along its proximodistal and septotemporal axes (Thompson et al., 2008) . The pattern of connectivity of proximal CA3 (close to the DG) and distal CA3 (close to CA2) is quite different. Of special interest, proximal CA3 receives little direct input from the entorhinal cortex (EC) because the lacunosum moleculare layer is virtually absent there (Li et al., 1994; Ishizuka et al., 1995) . In addition, proximal CA3 primarily receives projections from the exposed blade of the DG (Claiborne et al., 1986) , which is not recruited during exposure to spatial contexts, as reported in an immediate-early gene (IEG) imaging study . In contrast, the enclosed blade of the DG, which preferentially projects to distal CA3 (Claiborne et al., 1986) , was strongly recruited in the same Arc study . Furthermore, proximal CA3 preferentially projects to distal CA1 (close to the subiculum), whereas distal CA3 primarily projects to proximal CA1 (close to CA2; Amaral and Witter, 1989; Ishizuka et al., 1990; Li et al., 1994) . Last, studies based on tract tracing, electrophysiological recordings, and IEG expression have recently reported that distal CA1 preferentially processes nonspatial information provided by the lateral EC, while proximal CA1 processes spatial information provided by medial EC inputs (Tamamaki and Nojyo, 1995; Suzuki et al., 1997 , Young et al., 1997 Naber et al., 2001; Fyhn et al., 2004; Hargreaves et al., 2005; Henriksen et al., 2010; Burke et al., 2011, Deshmukh and Knierim, 2011; Ito and Schuman, 2012) .Together, these studies suggest that proximal CA3 could be more involved in the processing of nonspatial information than its distal part, and that distal CA1 would be more activated than proximal CA1 during nonspatial memory. Because of the folding of the hippocampus, the dorsoventral and mediolateral coordinates of the proximal and distal parts of CA3 and CA1 vary greatly along the transverse axis, rendering a lesion/inactivation approach unlikely to yield the spatial resolution necessary to tease apart the specific function of the proximal or distal parts of CA1 and CA3. For this reason, we used a high-resolution imaging technique (e.g., to the cellular level) based on the detection of the expression of the IEG Arc in the brain, and studied patterns of neuronal activation during a delayed nonmatching-to-sample (DNMS) recognition memory task based on odors (for review, see Sauvage, 2010 ).
Materials and Methods
Subjects and stimuli. Adult male Long-Evans rats [300 -350 g; n ϭ 18 in total; n ϭ 5 DNMS animals, n ϭ 5 "random reward" animals, n ϭ 4 controls; and n ϭ 4 maximal electroconvulsive seizures (MECS) animals] were maintained under reverse light/dark cycle (7:00 A.M. light off/7:00 P.M. light on) at a minimum of 90% of normal body weight, handled a week before the experiment, and tested in their home cage. The stimulus odors were common household scents (thyme, paprika, coriander, etc.) mixed with playground sand. The scented sand was held in Nalgene plastic cups (one odor per cup), and a cup was fixed on a small platform lowered in the front part of the cage for testing. A pool of 40 household odors was available, 20 were used each day. All procedures were approved by the Ruhr University Bochum Institutional Animal Use Committee and the .
Behavioral paradigm. Behavioral training followed the training protocol previously described in the studies by Sauvage et al. (2008 Sauvage et al. ( , 2010 . In brief, to study nonspatial recognition memory, we used the innate ability of rats to dig and to discriminate between odors. Each training session contained a "study" phase, a delay, and a "recognition" phase ( Fig. 1) . Each day, rats were presented with a study list of 10 odors, which was different each day. Odors were chosen in a pseudo random manner. During the recognition phase, animals were tested for their ability to distinguish between the 10 odors presented to them during the study phase ("old" odors) and 10 additional odors ("new" odors) that were part of the pool of forty odors, but were not presented during the study phase (Fig. 1A) . To do so, animals were first trained to dig in the stimulus cups with unscented sand to retrieve one 1/4 of piece of Loop cereal (Kellogg's) after which they were trained on a DNMS rule. During the recognition phase, when rats were presented with an odor that was part of the study list (old odor), rats were required to refrain digging, turn around, and go to the back of the cage to receive a food reward: a correct response for an old odor ( Fig. 1B ; an incorrect response would be digging in the stimulus cup). Conversely, when the odor was not part of the study list (new odor), animals could retrieve a buried reward by digging in the test cup: a correct response for a new odor ( Fig. 1C ; an incorrect response would be going to the back of the cage to receive the reward). To ensure that the task could not be solved by smelling the reward buried in the sand, all cups were baited with a reward, but the reward was not accessible to the rats when an old odor was presented (e.g., trapped under a mesh). . After a 20 min delay, the memory for the studied odors is tested by presenting the same odors intermixed with 10 new odors to the animals (also one at a time). B, C, Delayed nonmatching-to-sample rule. If the odor belonged to the study list (old odor), the rat was expected to refrain digging and turn around to get a food reward at the back of the cage (B). If the odor did not belong to the study list (new odor), the rat could dig in the stimulus cup to retrieve a buried reward (C). D, The percentage of correct choices (accuracy; means Ϯ SEM) is shown for the last three sessions of testing. Comparison to chance level (50% correct):
¶ p Ͻ 0.005.
In addition, no spatial information useful to solve the task was available to the rats, given that testing cups for new and old odors were presented at the exact same location. Reward locations differed for the new and old odors (front and back of the cage, respectively), but were only experienced by the animals once a decision had been made (e.g., when the trial was over), hence could not contribute to behavioral performance. Training lasted ϳ2 months and consisted of several steps, during which the number of studied odors increased from one to 10, the delay increased from one to 20 min, and the number of odors during the recognition phase increased from 2-20 (half old, half new). Animals transitioned between successive training stages when performance reached a minimum of 75% correct for two consecutive days. Once this criterion was reached for the final training stage (10 study odors, 20 min delay, and 20 test odors), the DNMS animals (n ϭ 5) were tested for one additional session and killed immediately after the end of the recognition phase, which lasted ϳ8 min. Each DNMS animal was paired with a control animal (n ϭ 4), which was exposed to the same experimental conditions, but did not perform the task. Control animals were killed at the same time as their match. Furthermore, to ensure that the pattern of Arc expression was due to memory retrieval and not to testing conditions alone (such as stimulus presentation, motor demand, handling etc…), we also detected Arc pre-RNA in an additional "random reward" group (n ϭ 5). The random reward group was subjected to the same testing conditions as the DNMS group, but the reward was randomly assigned to the stimulus cup for half of the trials or to the back of the cage for the other half of the trials (instead of following a DNMS rule), so that memory retrieval does not occur. Moreover, to determine whether the differential activation that we observe within CA3 and CA1 could be due to a higher likelihood of Arc to be expressed in proximal CA3 than in distal CA3, or in distal CA1 than in proximal CA1 at the time of killing, maximal electroconvulsive seizures (MECS) were induced in an additional group (n ϭ 4; MECS group). MECS were administered via earclip electrodes using a constant current generator (UGO Basile ECT unit 7801, UGO Basile: 85 mA, 100 Hz, 500 s pulses, 1 s duration) (Cole et al., 1989; Vazdarjanova et al., 2006) . Brain collection. Animals were deeply anesthetized with isoflurane and decapitated. Brains were immediately collected, frozen in isopentane cooled in dry ice, and subsequently stored at Ϫ80°C. Brains were then coronally sectioned on a cryostat (8 m sections; Leica CM 3050S, Leica Microsystems), collected on polylysine-coated slides, and stored at Ϫ80°C.
Detection of Arc signal by in situ hybridization histochemistry. The Arc DNA template was designed to amplify a fragment containing two intron sequences from bases 1934 -2722 of the rat Arc gene (NCBI Reference Seq: NC_005106.2). DIG-labeled Arc RNA probes were synthesized with a mixture of digoxigenin-labeled UTP (DIG RNA Labeling Mix, Roche Diagnostics) and purified using Probe quant G-50 Micro columns (GE Healthcare). Fluorescent in situ hybridization histochemistry was performed as previously described in the study by Nakamura et al. (2010) with modifications. In brief, sections were fixed with 4% paraformaldehyde in sterile 0.1 M PBS. Sections were rinsed in PBS and acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine-HCl. Following prehybridization incubation, hybridization solution (50% formamide, 5ϫ SSC, 2.5ϫ Denhardt's solution, 250 g/ml yeast tRNA, 500 g/ml denatured salmon sperm DNA, and 0.05 ng/l digoxigenin-labeled Arc RNA probes) was applied to each slide (200 l). The sections were coverslipped and incubated in a humidified environment at 65°C for 17 h. Sections were then rinsed in 5ϫ SSC and then 0.2ϫ SSC at 65°C for 1 h. Sections were incubated with 1% bovine serum albumin (BSA) in TBST buffer (0.1 M Tris-HCl pH 7.4, 0.15 M NaCl, 0.05% Tween 20) at room temperature, and then incubated with anti-digoxigenin-POD antisera (1/2000 dilution, Roche Diagnostics) in BSA/TBST at room temperature for 3 h. Sections were rinsed in TBST, signal amplified using the Tyramide Signal Amplification (TSA) Cy5 system (Cy5 plus system, PerkinElmer), counterstained with DAPI (1/100,000 dilution, Life Technologies), and coverslipped. As controls for the staining, the detection was also performed without Arc antisense probe, or with Arc sense probe which led to the absence of Arc staining.
Image acquisition. CA1 and CA3 images were acquired using a 20ϫ objective (Nikon) on a BZ-9000E fluorescent microscope (Keyence). A z-stack containing 13 images (545 by 724 m each; 0.7 m thickness) was acquired per region of interest on at least three nonadjacent sections. The exposure time, contrast, and gain settings were kept constant between image-stacks. Eight regions of interest were chosen from the hippocampus, according to the rat brain atlas (Paxinos and Watson, 2007) . For the investigation of the proximodistal pattern of activity in CA3 and CA1 along the transverse axis of the hippocampus, four areas were selected at the following anteroposterior (AP) levels defined from the bregma: distal CA3 and proximal CA1 at the septal level: Ϫ3.1 to Ϫ3.3 mm AP; proximal CA3 and distal CA1 at the temporal level: Ϫ5.1 to Ϫ5.3 mm AP ( Fig.  2 A, B) . For the investigation of the proximodistal segregation of nonspatial information in CA3 and CA1 along the mediolateral axis of the hippocampus, four additional areas were selected at the same septal and the temporal levels: distal CA1 and proximal CA3 at the septal level: Ϫ3.1 to Ϫ3.3 mm AP; distal CA3 and proximal CA1 at the temporal level: Ϫ5.1 to Ϫ5.3 mm AP (see Fig. 4 A, C, dashed frames).
Counting of Arc-positive cells. The number of Arc pre-mRNA-positive nuclei in the hippocampus was estimated as previously described in the study by Vazdarjanova and Guzowski (2004) with modifications. To account for stereological considerations, counting was performed on nonadjacent sections, and focused on the median 25% of each imagestack that was extracted from the z-stack and collapsed (West, 1999; Vazdarjanova and Guzowski, 2004) . Briefly, non-neuron-like nuclei (ϳ5 m in diameter) with intensely bright and uniform DAPI staining were excluded, whereas neuronal nuclei identified as large and diffusely DAPI stained were included in our analysis. Arc pre-mRNA-positive nuclei were defined as cells carrying one or two Cy5 tags within their nucleus, and the number of Arc pre-mRNA-positive nuclei was counted on three frames per area of interest on nonadjacent coronal sections (see Table 1 for detailed counts). Counting of Arc-positive nuclei and Arc-negative nuclei was performed manually by experimenters blind to experimental conditions with ImageJ (Image J1.46, National Institutes of Mental Health), and the percentage of Arc-positive cells per frame was calculated. Subsequently, "task-induced" proportions of Arc-positive cells were calculated for the DNMS and the random reward groups by subtracting the baseline Arc expression found in controls from counts obtained in the same area in animals performing the tasks.
Statistical analysis. For the behavioral task, one-way repeatedmeasures ANOVA was performed on the percentage correct choice for the last three training sessions, and two-tailed one-sample t test for the comparisons to chance level (50% correct) for each of the three sessions. A one-sample t test was performed for comparisons to zero to study the baseline Arc expression for each area of interest. Two-way repeatedmeasures ANOVA and two-tailed paired t test were performed to compare task-induced proportions of Arc-positive cells in the proximal and distal parts of CA3 and CA1 along the transverse and the mediolateral axes of the hippocampus. All statistical analyses were performed using the software R 2.12.1 (R Foundation for Statistical Computing).
Results

Memory performance
Animals learned to discriminate between the 10 odors that belonged to the study list, and the 10 odors that did not over 26.4 Ϯ 2.1 training sessions (see Materials and Methods for a detailed description of the task). Accuracy did not significantly differ between animals over the last 3 days of testing (F (2,8) ϭ 2.30; p Ͼ 0.05), but significantly differed from chance level (50% correct choice; 2 d before death: t (4) ϭ 7.67, p ϭ 0.002; 1 d before death: t (4) ϭ 22.9, p Ͻ 0.0001; on day of killing: t (4) ϭ 9.95, p ϭ 0.0006; Fig. 1D ). Animals reached on average a performance of 79.0 Ϯ 2.9% correct on day of killing (Fig. 1D) .
Location of the counting frames
To compare activity patterns in corresponding proximal and distal portions of CA3 and CA1 at similar dorsoventral levels, we first studied the proximodistal pattern of activity of CA3 and CA1 along the transverse axis of the hippocampus. This required distal CA3 and proximal CA1 counting frames to be collected on coronal sections at the septal level of the hippocampus, and proximal CA3 and distal CA1 counting frames to be collected at the temporal level (Andersen et al., 1971) (Fig. 2 A, B) . In addition, to study whether the proximodistal segregation of nonspatial information in CA3 and CA1 was also observable along the mediolateral axis of the hippocampus (Hunsaker et al., 2008; Ito and Schuman, 2012 ; that is also used in other studies), four additional frames were sampled on the same coronal sections: distal CA1 and proximal CA3 at the septal level of the hippocampus, and proximal CA1 and distal CA3 at the temporal level (see Fig. 4 A, C, dashed frames). These frames allowed us to investigate whether the proximal and distal parts of CA3 and CA1 were differentially recruited during nonspatial recognition memory along the mediolateral axis of the hippocampus at the septal and temporal levels.
Baseline Arc expression along the transverse and mediolateral axes of the hippocampus The baseline expression of Arc, in control animals that were exposed to the experimental room but did not perform the task, was low in the distal and proximal parts of CA3 and CA1 (on average 7.59 Ϯ 1.73% of Arc-positive cells). The recruitment of these areas in control animals appeared to be minimal, since Arc expression did not significantly differ from zero for any area, but proximal CA1 at the septal level (t (3) ϭ 3.35, p ϭ 0.04, all other p values Ͼ0.05). Because of this slight difference in baseline Arc expression, the proportions of Arc-positive cells detected in the DNMS and the random reward groups were normalized by subtracting the proportion of Arc-positive cells obtained in control animals for the same areas to enable a direct comparison between regions (see Table 1 for cell counts). These task-induced proportions of Arc-positive cells were subsequently used for statistical analysis.
Proximodistal nonspatial representations in CA3 and CA1 along the transverse axis of the hippocampus Two-way ANOVA with "hippocampal subfield" and "proximodistal location" as factors conducted on the task-induced proportion of Arc-positive cells measured along the transverse axis of the hippocampus revealed a significant proximodistal ϫ subfield interaction (F (1,4) ϭ 23.2, p ϭ 0.009), while no further significant effects were observed (proximodistal: F (1,4) ϭ 1.37, subfield: F (1,4) ϭ 2.88, both p values Ͼ0.05; Fig. 2C ). Moreover, further sta- Henriksen et al. (2010) ; note that CA3, which lies under CA1, is not represented]. Estimated borders between proximal and distal CA1 along the transverse axis of the hippocampus are indicated by blue dotted lines (note that the complex three-dimensional conformation of the hippocampus makes any standard planes of sectioning inappropriate for a correct assessment of its transverse organization). B, To compare proximal and distal parts of CA1 (blue frames) or CA3 (red frames) at a corresponding dorsoventral level, and along the transverse axis of the hippocampus, counting frames were shifted from proximal CA1 (lateral) at the septal level to distal CA1 (medial) at the temporal level, and from distal CA3 (lateral) at the septal level to proximal CA3 (medial) at the temporal level (Andersen et al., 1971 ). C, The task-induced proportion of Arc-positive cells in the proximal and distal parts of CA3 and CA1 (left to right) in the DNMS group. The task-induced proportion of Arc-positive cells (means Ϯ SEM) is significantly higher in proximal CA3 and distal CA1 than in distal CA3 and proximal CA1 (respectively), suggesting that nonspatial information is not uniformly represented along the proximodistal axis of CA3 and CA1. *p Ͻ 0.05. Comparisons to 0:°p Ͻ 0.05. tistical analysis showed that task-induced proportions of Arcpositive cells were significantly higher in proximal CA3 than in distal CA3 (t (4) ϭ 2.97, p ϭ 0.04; Figs. 2C, 3A,B ). This indicated a preferential recruitment of proximal CA3 over distal CA3 during nonspatial recognition memory and pointed toward a functional segregation of CA3 in nonspatial memory. Furthermore, in line with the preferential projections existing between proximal CA3 and distal CA1 (Ishizuka et al., 1990; Li et al., 1994 ; and between distal CA3 and proximal CA1), distal CA1 was significantly more recruited than proximal CA1 during the task (t (4) ϭ 4.22, p ϭ 0.01; Figs. 2C, 3C,D) . This result confirmed previous findings of a functional segregation of CA1 in studies based on the detection of item novelty (Burke et al., 2011; Ito and Schumann, 2012) , and further suggested that this functional segregation holds for tasks with a higher memory load. Finally, task-induced proportions of Arc-positive cells were comparable in the parts of CA3 and CA1 that project to each other: proximal CA3 and distal CA1, and distal CA3 and proximal CA1 (t (4) ϭ 1.88, t (4) ϭ 0.20, respectively, both p values Ͼ0.05; Fig. 2C ), suggesting that proximal CA3 and distal CA1 could belong to the same functional network, and distal CA3 and proximal CA1 to another one. Of note, the task-induced proportion of Arc-positive cells differed from zero for all areas, but distal CA3 (distal CA3: t (4) ϭ 1.53, p Ͼ 0.05, all other areas p Ͻ 0.03). However, a careful inspection of the latter data suggests that the comparison fails to reach significance because of a SEM slightly higher in distal CA3 than in other areas (see for example proximal CA1; Fig. 2C ). In summary, these results show that proximal CA3 is significantly more activated than distal CA3 during nonspatial recognition memory, suggesting that nonspatial information could be segregated along the proximodistal axis of CA3. Likewise, in accordance with the fact that proximal CA3 preferentially projects to distal CA1, distal CA1 was more recruited than proximal CA1 during this task, and proximal CA3 and distal CA1 were activated to a similar level. Together, these results bring evidence for a nonuniform distribution of nonspatial information along the proximodistal axis of CA3 and CA1, and suggest that the proximal CA3-distal CA1 network could be preferentially recruited over the distal CA3-proximal CA1 network during nonspatial recognition memory.
Proximodistal nonspatial representations along the mediolateral axis of CA3 and CA1 at septal and temporal levels of the hippocampus
To ensure that our findings were not simply resulting from the level at which counting frames were collected (e.g., along the transverse axis), and for the sake of comparisons with studies which used coronal plans of sectioning (Hunsaker et al., 2008; Ito and Schuman, 2012) , we investigated whether the proximodistal segregation of nonspatial information in CA3 and CA1 that we observed along the transverse axis was also conserved at septal and temporal levels along the mediolateral axis of the hippocampus. To do so, we sampled four additional counting frames on the coronal sections previously sampled: one distal CA1 and one proximal CA3 frames at the septal level, and one proximal CA1 and one distal CA3 frame at the temporal level of the hippocampus (Fig. 4 A, C , dashed frames). Mirroring the results observed along the transverse axis, statistical analysis revealed that the four additional areas were also recruited during the task, since the task-induced proportion of Arc-positive cells in all areas significantly differed from zero ( p Ͻ 0.02; dotted bars in Fig. 4 B, D, plain bars represent data shown in Fig. 2C ). Moreover, comparisons of taskinduced proportions of Arc-positive cells between proximal CA3, distal CA1, proximal CA1, and distal CA3 at the septal or temporal level revealed a significant hippocampal subfield ϫ proximodistal interaction (septal: F (1,4) ϭ 309.0, p Ͻ 0.0001; temporal: F (1,4) ϭ 21.2, p ϭ 0.01), a main subfield effect at the temporal level (F (1,4) ϭ 8.11, p ϭ 0.04), and no further significant effects (p Ͼ 0.05; Fig. 4B,D) . In further agreement with the observations along the transverse axis, proximal CA3 was significantly more activated during the task than distal CA3 at the septal and temporal levels (septal level: t (4) ϭ 8.41, p ϭ 0.001; temporal level: t (4) ϭ 2.90, p ϭ 0.04), and distal CA1 was more activated than proximal CA1 (septal level: t (4) ϭ 6.39, p ϭ 0.003; temporal level: t (4) ϭ 4.08, p ϭ 0.02; Fig. 4B ,D, respectively). Furthermore, proximal CA3 and distal CA1 (which project to each other) displayed comparable levels of task-induced positive cells (septal: t (4) ϭ 0.31; temporal: t (4) ϭ 1.88, both p values Ͼ0.05), which was also the case for distal CA3 and proximal CA1 at the septal level, but not at the temporal level (septal: t (4) ϭ 0.20, p Ͼ 0.05; temporal: t (4) ϭ 4.00, p ϭ 0.02). Together, these data show that the functional segregation of CA3 and CA1 observed along the transverse axis of the hippocampus during nonspatial recognition memory is conserved along its mediolateral axis at the septal and temporal levels, and that the functional dissociation between the proximal CA3-distal CA1 network and the distal CA3-proximal CA1 network seems to persist at various levels of the hippocampus.
Proximodistal Arc expression in CA1 and CA3 in the random reward and the MECS groups To evaluate whether testing conditions, such as the presentation of the stimulus cups, motor demands, or handling, could lead to the pattern of activation that we obtained in CA3 and CA1 in the DNMS group, we detected Arc expression in the random reward group (see Table 1 for cell counts). Among the eight areas sampled along the transverse and mediolateral axes, the task-induced proportion of Arcpositive cells differ from zero only in one: distal CA1 at the septal level (t (4) ϭ 4.96, p ϭ 0.008; all other p values Ͼ0.05; Fig.  5A-C) , suggesting a minimal recruitment of CA1 and CA3 when no memory demand was applied to the behavioral task. In addition, no significant main effects or proximodistal by subfield interactions were observed along the transverse (Fig.  5A ) and mediolateral axes at the septal ( Fig. 5B ; p Ͼ 0.05) or temporal levels of the hippocampus ( Fig. 5C ; p Ͼ 0.05), and only a main proximodistal effect could be found at the septal level (F (1,4) ϭ 14.35, p ϭ 0.02; Fig. 5B ). Moreover, the taskinduced proportion of Arc-positive cells were comparable between proximal CA3 and distal CA3, and between proximal CA1 and distal CA1 along the transverse axis (CA3: t (4) ϭ 0.01; CA1: t (4) ϭ 0.63, both p values Ͼ0.05; Fig. 5A ) and the mediolateral axis at the septal level (CA3: t (4) ϭ 0.30; CA1: t (4) ϭ 1.51; both p values Ͼ0.05, Fig. 5B ) and the temporal level (CA3: t (4) ϭ 0.91; CA1: t (4) ϭ 1.64, p Ͼ 0.05, Fig. 5C ), indicating that the differences observed between proximal CA3 and distal CA3, and between distal CA1 and proximal CA1 during the nonspatial memory task were unlikely due to testing conditions alone.
Finally, we tested whether the pattern of Arc expression that we obtained in the DNMS group could be due to a higher likelihood for proximal CA3 and distal CA1 to express Arc at the time of death than for distal CA3 and proximal CA1. We induced seizure-like activity in MECS animals and killed them under the same conditions as the DNMS animals. Arc expression induced by MECS was high in all areas (79.53 Ϯ 0.48% of Arc-positive cells in average; see Table 1 for cell counts), and significantly different from zero ( p Ͻ 0.0002; Fig. 6A-C) . In addition, the proportions of cells activated were virtually indistinguishable between areas: no significant proximodistal by subfields interactions could be detected along the transverse or the mediolateral axes at the septal and temporal levels ( p Ͼ 0.05) and only a significant main subfield effect was found along transverse axis . Proximodistal nonspatial representations along the mediolateral axis of CA3 and CA1 at the septal and temporal levels of the hippocampus. To investigate the proximodistal segregation of nonspatial information in CA3 and CA1 at the septal and temporal levels, four additional frames (dashed frames) were sampled: distal CA1 and proximal CA3 at the septal level (A), and proximal CA1 and distal CA3 at the temporal level (C), in addition to the four frames (plain frames) already described in Figure 2B . B, D, Results at the septal and temporal levels of the hippocampus mirror those along the transverse axis: the task-induced proportion of Arc-positive cells (means Ϯ SEM) is significantly higher in proximal CA3 and distal CA1 when compared with that of distal CA3 and proximal CA1, respectively. This suggests that nonspatial information is not uniformly distributed along the proximodistal axis of CA3 and CA1 throughout the hippocampus. *p Ͻ 0.05, **p Ͻ 0.005. Comparison to 0:°p Ͻ 0.05. (F (1,3) ϭ 12.74, p ϭ 0.04). Hence, as expected in this case, no significant differences were found between the proximal and distal parts of CA3, or between the proximal and distal parts of CA1 at any levels ( p Ͼ 0.05, Fig. 6A-C) . Thus, our results show that all parts of CA1 and CA3 have a comparable "capacity" to express Arc at the time at which the DNMS group was killed, suggesting that the differential expression of Arc in the proximal and distal parts of CA3 and CA1 during the memory task is likely due to memory retrieval.
Discussion
We bring the first evidence for a functional segregation of the CA3 hippocampal subfield in terms of its recruitment in recognition memory for nonspatial information, and found that the proximal part of CA3 is preferentially recruited during nonspatial memory when compared with its distal part. In addition, our data support and extend previous findings indicating that the distal part of CA1 is more involved in the processing of nonspatial information than its proximal part, even in tasks that involve a high memory load and are devoid of salient spatial content. These results together with the fact that proximal CA3 projects mainly to distal CA1, suggest that a selective proximal CA3-distal CA1 hippocampal subnetwork could preferentially support nonspatial recognition memory.
Our results show that CA3 is recruited during nonspatial recognition memory, a topic that has received little attention to date. These data give further support to previous studies that report that CA3 plays a critical role in the memory for pairs of odors (Farovik et al., 2010) and eye-blinking conditioning (Kishimoto et al., 2006; Thompson et al., 1996) . However, in contrast with these studies, we investigated the existence of a functional segregation within CA3. We found a nonuniform distribution of nonspatial information along the proximodistal axis of CA3, and report that proximal CA3 is more activated than distal CA3 during nonspatial recognition memory. This phenomenon is observable not only along the "functional" axis of the hippocampus (the transverse axis), but also along its mediolateral axis at the septal and temporal levels, suggesting that nonspatial information is processed preferentially by proximal CA3 throughout the hippocampus.
Arc plays a crucial role in synapse-specific and cell-wide plasticity processes (Link et al., 1995; Lyford et al., 1995) (for review, see Bramham et al., 2008; Korb and Finkbeiner, 2011; Shepherd and Bear, 2011) and its expression was shown to better reflect behavioral task demands than other IEGs, such as c-fos and zif268 (Guzowski et al., , 2001 ). Moreover, Arc expression has been repeatedly reported to reflect the task's behavioral demands, and not simply reflect stress levels or motor activity (Guzowski et al., , 2001 . In the present study, control animals and animals performing the DNMS task share the same spatial experience (exposure to the testing room), and only nonspatial demands differed between groups. Hence, the task-induced Arc expression in this study is thought to reflect the processing of nonspatial information. In further support to this idea, taskinduced Arc expression in the random reward group (group with no memory retrieval) did not significantly differ between the proximal and distal parts of CA3 or CA1, suggesting that the pattern of Arc expression found in the DNMS group is likely caused by memory retrieval of nonspatial information. Moreover, using MECS, we have shown that both the proximal and distal parts of CA3 and CA1 were capable of expressing Arc at the time of death, further speaking in favor of the specificity of our findings.
Proximal CA3 receives little direct input from the EC layer II when compared with distal CA3 (Li et al., 1994; Ishizuka et al., 1995) , because the lacunosum moleculare layer, in which EC and CA3 cells synapse, is nearly absent at this level of CA3. Hence, one way in which proximal CA3 could contribute to nonspatial memory is by further processing information from the EC layer II that is relayed by the DG (Steward and Scoville, 1976; Witter and Amaral, 1991) . Indeed, the granule cells of the DG receive inputs from both the lateral EC and the medial EC, albeit at different levels of the dendritic tree with the medial EC inputs closer to the cell layer and the inputs from lateral EC further away (Steward and Scoville, 1976; Witter et al., 1989) . Striking electrophysiological and neuroanatomical differences exist between the exposed and the enclosed blades of the DG, which also differ in their susceptibility to hypoxia and corticosteroid insults (Hara et al., 1990; Jaarsma et al., 1992; Scharfman et al., 2002 ) (for review, see Amaral et al., 2007) . The functional relevance of those differences has not been thoroughly investigated, however, an IEG study based on Arc RNA expression revealed that the exposed blade of the DG was not recruited during exposure to new spatial contexts, whereas the enclosed blade was . Furthermore, granule cells of the exposed blade of the DG project principally to the proximal part of CA3, while the neurons of the enclosed blade of the DG preferentially project to the distal part of CA3 (Claiborne et al., 1986 ) (for review, see Witter, 2007 . Given this preferential pattern of projections, and the fact that proximal CA3 is more activated than distal CA3 during our nonspatial memory task, it is tempting to speculate that the exposed blade of the DG could preferentially relay nonspatial information to proximal CA3, while projections from the enclosed blade to distal CA3 could relay spatial information. This hypothesis, however, remains to be thoroughly investigated.
In addition, in the present study we report a stronger activation of distal CA1 (the part of CA1 that principally receives proximal CA3 inputs) during nonspatial recognition memory when compared with proximal CA1 (which mainly receives distal CA3 inputs) (Amaral and Witter, 1989; Ishizuka et al., 1990; Li et al., 1994) . This finding of a heterogeneous distribution of nonspatial representations along the proximodistal axis of CA1 is consistent with two recent studies that have investigated the same topic albeit in tasks based on spatial navigation or spontaneous exploration (Burke et al., 2011; Ito and Schuman, 2012 ; e.g., with low memory load as opposed to the high memory load in this study). In further contrast to the present study, Ito and Schuman (2012) restricted their investigation to the analysis of the proximodistal pattern of Fos expression in the hippocampus along the mediolateral axis of the hippocampus, instead of investigating differences along the transverse axis, which is the functional axis of the hippocampus. Also, Burke et al. (2011) focused on the cell firing in distal CA1 under "object-present" and "object-absent" conditions, but did not study the firing pattern of proximal CA1. Both of these electrophysiological and IEG studies reported a critical role of distal CA1 in the processing of nonspatial information, as cell firing in distal CA1 was affected by the presence/absence of objects in a spatial navigation task (Burke et al., 2011) , and distal CA1 was more activated than proximal CA1 in a spontaneous object recognition memory task (Ito and Schuman, 2012) . In the present study, we also found that distal CA1 is more recruited than proximal CA1. In addition, we know that the lateral EC preferentially projects to distal CA1 and that distal CA1 preferentially receives projections from proximal CA3. Hence, it is tempting to speculate that the activation observed in distal CA1 during the recognition phase of our task could reflect nonspatial pattern separation between the representations created during the study phase and the representations generated during the recognition phase of the task. This hypothesis is at least partially supported by reports suggesting a critical role of CA1 in conjunction with CA3 during nonspatial pattern separation, and a strong involvement of CA1 in the interpretation/recoding of CA3 inputs in the context of less spatially restricted information (for review, see Kesner et al., 2004, Leutgeb and Leutgeb, 2007; Rolls, 2010) .
In summary, we have shown that proximal CA3 and distal CA1 are significantly more recruited than distal CA3 and proximal CA1 during recognition memory that is devoid of salient spatial information. These results suggest that not only CA1 is functionally segregated along its proximodistal axis, but also CA3, which has not been reported to date. Given that proximal CA3 and distal CA1 share direct projections, we speculate that proximal CA3 and distal CA1 could be part of a selective functional subnetwork in the hippocampus that could preferentially process recognition memory when the salient part of a representation is restricted to its nonspatial content. In our DNMS task, spatial information is not crucial, thus the integration of the spatial context within the memory representation is not critical, and pattern completion not "required." This could lead to a low recruitment of distal CA3 during nonspatial recognition memory, which contains the highest density of recurrent projections and is thought to support pattern completion (for review, see Gilbert and Brushfield, 2009) . Testing this intricate network, and elucidating whether the functional segregation of CA1 directly results from the pattern of activity of CA3 is beyond the scope of this study and will require further investigation.
